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A Modsl  Study  of  Wave  Run-op  on  31oping  Structures 


Abstract 


Curves  have  bean  developed  from  laboratory  experiments  which  indicate  (1) 
the  effect  of  different  side  slope  angles  of  a sloping  structure  on  wave  run-up, 
(2)  the  effeot  of  the  parameter  wave  ateepneas  (H/L)  on  wave  run-up  on  sloping 
structures,  (3)  the  effect  of  the  parameter  relative  depth  (d/L)  on  wave  run-up 
on  sloping  structures,  and  (U)  the  effeot  of  struoture  porosity  on  wave  run-up* 
Maximum  wave  run-up  occurs,  for  the  range  of  angles  examined,  at  approximately 
30  degrees*  Aa  the  wave  steepness  parameter  (H/L)  increases,  the  wave  run-up 
increases  and,  as  the  relative  depth  parameter  (d/L)  decreases  the  wave  run-up 
increases. 

This  report  is  concerned  with  a sloping  struoture  model  study,  with  a 
presentation  of  the  data  and  with  an  analysis  of  the  results*  The  limitations 
of  this  study  should  be  noted*  This  study  only  involves  the  effeot  of  the  side 
slope  on  wave  run-up  on  sloping  structures,  and  the  effects  of  the  two  parameters 
wave  steepness  (H/L;  and  relative  depth  (d/L)  on  wave  run-up  on  sloping  struc- 
tures. Also,  tue  wave  approach  was  restrioted  to  the  direction  perpendicular  to 
the  axis  of  the  struoture. 

Intro duot ion 


This  investigation  was  conducted  for  the  primary  purpose  of  determining 
experimentally  the  effeot  of  side  slope  angle  and  struoture  porosity  on  wave 
run-up* 

For  the  sake  of  this  discussion  sloping  structures  will  be  construed  ast 

1.  Breakwaters 

2.  Earth  dams 

3*  Embankments  along  lake  fronts  and  ooean  fronts 

Wave  run-up  on  sloping  structures  is  important  in  the  problem  of  slope 
protection  in  engineering  structures  exposed  to  wave  action,  A large  amount 
of  energy  is  released  when  a wave  peaks  up,  breaks  and  runs-up  on  the  sloping 
struoture.  This  energy  becomes  apparent  in  the  vertical  rise  of  water  and  in 
the  damage  caused  to  sections  of  the  sloping  surface  which  are  inadequately  pro- 
tected above  the  minimum  wave  run-up  elevation* 

A particular  case  of  major  importance  is  where  a breakwater  has  been  con- 
structed for  the  purpose  of  quieting  the  surface  of  the  water  in  the  lee  of  the 
breakwater  structure.  As  the  nodal  study  will  show,  if  proper  angles  of  side 
slope  are  not  used  in  the  design,  wave  run-up  oan  become  great  enough  to  overtop 
the  breakwater  and  cause  large  disturbances  in  the  quiet  protected  area.  The 
problem  of  overtopping  is  not  restrioted  to  breakwaters  and  is  also  of  major 
importance  in  earth  dam  consideration, 

A model  study  was  conducted  in  the  wave  ohannel  (figure  1)  in  the  Hydraulics 
Laboratory  at  the  University  of  California,  Berkeley,  fofr  the  tftfi'pose  of  studying 
the  effeots  of  structure  side  alone  angle  and  struoture  porosity  on  wave  run-up. 
Parameters  of  wave  steepness  (H/L)  and  relative  depth  (d/L)  and  their  effects 
on  wave  run-up  also  were  investigated. 
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Laboratory  Equipment 

The  experimental  equipment  eoneleted  of  the  glass-walled  wave  channel  shown 
in  Figure  1.  The  bottom  profile  of  the  channel  gave  an  effect  of  waves  propa- 
gating from  deep  water  into  shallow  water  (where  d/L  0.0).  The  channel  was 
1 foot  wide,  3 feet  high  and  6o  feet  long,  with  a wave  generator  at  one  end  and 
with  a model  structure  at  the  other  end.  k two  ohannel  Brush  recorder  recorded 
the  water  surface  time  history  by  means  of  wire  resistance  elements  (Morison, 

1 910). 

The  models  which  were  used  consisted  of  (1)  a smooth  flat  surfaco  with  a 
porosity y»  a 0 %t  (2)  a specially  constructed  box  (Figures  3 and  0)  6 feet  long 
by  0,83  feet  wide  by  0,30  feet  deep  filled  with  If  inch  maxiaua  angular  stora 
(Figures  U and  0)  with  a porosity -ft  ■ yi,S%  and  (3)  the  same  box  filled  with 
well  rounded  pea  gravel  (Figures  2 and  3)  with  a porosity  ft,  - 28. 9%.  Slope 
changes  by  erosion  were  prevented  in  structures  2 and  3 oy  means  of  wire  netting 
across  the  exposed  surface  (Figures  3 and  0). 

Experimental  Procedure 

The  experimental  procedure  was  tot 

1.  Generate  waves  for  each  run,  of  various  periods,  heights  and  lengths  in 
the  ohannel,  and  record  the  surface-time  history  of  the  waves  on  a Brush  recorder. 
This  was  essentially  a calibration  of  the  wave  ohannel  without  a structure  in  place. 

2.  Install  the  smooth  surface  type  structure  (Figure  10). 

3.  Keep  depth  oonstant,  period  oons tout,  wave  height  constant,  wave  length 
constant  and  vary  the  side-slope  angle  of  the  structure  for  each  run}  the  wave 
run-up  on  the  structure  was  measured  using  waves  which  had  the  sans  amplitude, 
period  and  length  as  waves  in  the  original  calibration  of  the  wave  ohannel  (step  1), 
(Figure  8), 

iu  Repeat  step  number  3 with  a new  period,  new  wave  height,  and  nev  ware 
length  (Tables  1,  2 and  3), 

0.  Measure  wave  run-up,  with  slope  of  struoture  constant,  and  varying  the 
wave  steepness  (H/L).  This  investigation  was  repeated  for  angles  of  15  degrees, 

30  degrees  and  U0  degrees, 

6,  Measure  wave  run-up  with  elope  angle  of  struoture  and  wave  steepness 
(H/L)  eonetant  and  varying  the  relative  depth  (d/L).  This  investigation  was  only 
completed  for  the  angle  of  30  degrees, 

7,  Steps  3>  li,  0 end  6 were  repeated  for  each  type  of  stone  structure.  Data 
for  all  laboratory  measurements  are  auraaarised  in  Tables  1,  2,  3, 

In  each  run,  a series  of  about  ten  waves  van  recorded  before  wave  reflections 
from  the  structure  confused  the  record.  The  wave  run-up  on  the  structure  wee 
measured  for  these  initial  waves.  The  wave  machine  was  stopped  and  the  water 
allowed  to  become  quiet,  then  the  run  was  repeated.  Each  run  was  repeated  three  ^ 
or  more  times. 

Consistency  was  maintained  between  runs  and  between  measurements  on  dif- 
ferent type  structures  by  the  visual  surface  time  history  of  the  waves  recorded 
on  the  Brush  recorder  (Figure  8),  By  observation  of  the  surface  time  history  of 
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the  waves,  it  was  found  that  ths  reflected  energy  of  the  waves  did  not  appear  in 
the  record  nntil  approximately  after  the  ninth  or  tenth  wavs  had  impinged  upon 
the  structure. 

Wave  run-up  was  defined,  and  measured,  as  the  distance  from  the  still  water 
level  to  the  point  where  the  entire  face  of  the  structure  was  wetted.  Spray, 
resulting  from  breaking  waves,  which  progressed  pastthe  point  of  wave  run-up  was 
not  included  in  the  measurement, 

Experimental  Results 

In  order  to  determine  the  eft  act  of  the  wave  steepness  (H/L)  on  wave  run-up, 
experiments  were  performed  on  threo  model  structures  (porosity  71  = 0*,  porosity  sflL 
28.9*,  and  porosity*?*  m 32,6*)  over  a relatively  large  range  of  values  of  H/L. 

The  angle  of  slope  of  the  structure  was  maintained  constant  for  each  range  of  H/L 
and  for  each  type  of  structure  (Figure  12).  This  condition  was  investigated  for 
three  different  angles,  15  degrees,  30  degrees  and  kS  degrees  (Figures  12,  13  and 
lit).  For  the  angles  of  30  and  U5  degrees  (Figures  13  and  llj)  there  ia  an  increase 
in  wave  run-up  for  increasing  values  of  H/L  > 0.03,  It  is  apparent  from  examina- 
tion of  these  ourves  that  there  is  agreater  advantage  in  having  structures  with 
high  roughness  coefficients  and  with  relatively  large  porosity.  Undoubtedly,  the 
irregularity  of  these  curves,  especially  with  the  lower  values  of  R/L,  is  due  to 
friction  effect*  as  the  waves  rush  up  the  slope  „ Supplementary  data  on  the  effect 
of  roughness  hare  been  studied  recently  in  Denmark  by  BruunO).  There  is  a large 
percentage  decreases  in  wave  run-up,  for  the  same  energy  dissipation  on  the  struc- 
ture, for  structures  with  large  porosity  values.  It  is  apparent  from  the  curves 
that  the  free  board  needed  to  prevent  overtopping  of  a structure  in  mueh  greater 
for  the  condition  of  a smooth  surface  than  for  the  condition  of  high  porosity. 

Figures  16,  17,  18,  and  19  were  obtained  in  order  to  determine  the  effect  of 
the  slope  angle  on  wave  run-up.  Experiments  were  performed  on  three  model  struc- 
tures (71  s 0*,*^.  3 28,9*  and?*,  B 32,6*)  over  a range  of  angles  which  embraced 
the  interval  from  15  degreee  to  90  degrees.  The  relative  depth  (d/L)  and  the 
wave  steepness  (H/L)  were  maintained  constant  for  each  range  of  anglet-  The 
results  are  consistent  in  that  the  maximum  value  for  wave  run-up  oww,!  in  che 
vloinity  of  30  degrees  for  each  set  of  experiments  oovering  this  investigation 
(Figures  16,  17,  18  and  19).  It  ie  significant  to  note  here  that  there  is  a 
decrease  in  wave  run-up  for  angles  smaller  than  30  degrees  and  for  angles  larger 
than  30  degreee.  This  fact  ia  important  in  breakwater  design  where  wave  run-up  is 
a major  problem.  From  current  literature it  is  the  consensus  of  opinion  that 
the  slope  angle  should  cover  the  range  of  1 on  If  to  1 on  1-1  3/U  which  unfortu- 
nately very  closely  approximates  30  degrees  for  both  end  conditions.  Few  specifio 
criteria  exist  for  the  determination  of  side-slope  angles,  the  main  consideration 
is  in  finding  an  equilibrium  slope  in  the  above  mentioned  range. 

Also,  it  is  very  significant  to  note  in  Figure  16  that  there  was  a relatively 
large  wave  run-up  (in  one  case,*?t  3 0*)  for  values  of  low  d/L,  H/L  and  low  angle 
of  slope,  these  waves  simply  "surged"  up  the  breakwater  surface  without  breaking. 
For  the  increasing  values  of  H/L  and  d/L  larger  amounts  of  energy  were  dissipated 
on  the  structure.  The  waves  were  consistent  in  that  they  all  broke  on  the  struc- 
ture slope  up  to  the  "critical"  angle  of  30  degrees,  above  30  degrees  the  wave 
"surged"  up  the  slope  without  breaking  and  there  was  an  obvious  decline  in  wave 
run-up.  As  the  angle  of  slope  increased  there  waa  an  increase  in  reflected  wave 
energy,  consequently  there  va3  a decrease  in  wave  run-up. 

Figure  15  was  obtained  in  order  to  determine  the  effect  of  the  relative  depth 
(d/L)  on  wave  run-up.  For  this  particular  investigation  the  slope  angle  waB 
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maintained  constant  for  a large  range  of  values  of  d/L e The  wave  steepness  (H/L) 
also  was  maintained  constant,  The  range  of  values  for  d/L  covered  extremes  from 
a very  small  to  a value  approaching  the  deep-water  ratio  of  0.5.  In  allr^ases, 
for  an  increasing  value  of  d/L,  there  was  an  obvious  decline  in  wave  run-up  for  the 
same  amount  of  energy  dissipation  on  each  type  structure. 

Figure  11  represents  a mode]  wave  breaking  on  a permeable  model  structure. 

The  energy  of  the  model  wave  vas  dissipated  rapidly  in  a short  distance.  The 
sudden  loss  in  energy  was  caused  by  the  water  flowing  between  the  particles.  The 
work  done  was  an  absorption  of  energy  by  the  breakwater;  consequently,  there  was 
a minimum  of  wave  run-up.  For  model  waves  breaking  on  a smooth  surface  and  for  the 
same  energy  as  mentioned  above,  the  energy  of  the  wave  was  dissipated  only  as  work 
done  by  the  water  in  climbing  to  a peak  elevation.  Little  energy  was  absorbed  by 
the  structure;  consequently,  there  was  a maximum  of  wave  run-up. 

Conclusions 


The  primary  aim  of  the  laboratory  program  was  to  investigate  the  effect  of 
various  slope  angles  and  side  slope  porosity  on  wave  run-up  and  to  investigate 
the  effect  of  the  parameters  H/L  and  d/L,  These  data  cover  reasonable  prototype 
conditions.  The  permeable  structure  was  assembled  in  such  a manner  as  to  prevent 
a natural  equilibrium  condition  on  the  side  slope  for  the  full  range  of  angles 
investigated  (l5°-90°).  Prototype  stone  for  both  sizes  of  model  stone  probably 
would  seek  an  equilibrium  slope  smaller  than  U5  degrees.  Nevertheless,  the  follow- 
ing conclusions  may  be  formed  on  the  basis  of  this  study  as  follows; 

(a)  Struoture  porosity  has  a major  effect  upon  wave  run-up, 

(b)  The  primary  variables  affeoting  wave  run-up  appear  to  be  H/L,  d/L, 
angle  of  side  slope  and  porosity  of  the  struoture, 

(o)  The  oritioal  point  of  slope  angle  appears  to  be  approximately  30 
degrees.  Any  variation  ftrom  this  point,  decreasing  or  increasing, 
will  probably  decrease  wave  run-up,  other  things  being  equal, 

(d)  For  valuea  of  increasing  wave  steepness  (for  H/L  > 0.03)  there  is 
an  inorease  in  wave  run-up, 

(e)  For  decreasing  values  of  d/L  there  is  an  increase  in  wave  run-up. 
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Symbols  and  ICotation 


1.  Backwash  - water  or  waves  thrown  back  by  an  obstruction  suoh  as  a breakwater, 

2.  Breakwater  - anything  which  breaks  the  force  of  waves  at  a particular  place, 

thus  forming  protection  for  vessels,  etc*  A solid  structure  - usually 
of  masonry,  protecting  a harbor,  anchorage,  or  basin  from  wind  and  waves. 
Breakwaters  are  fre°  standing  structures, 

3.  Deep  Water  - where  depth  is  greater  than  one-half  the  wave  length, 

Lu  Dspth  - vertical  distance  from  still  water  level, 

5.  Fetch  - In  forecasting  waves,  the  area  of  water  over  whioh  the  wind  blows. 

6.  Fetch  Length  - In  forecasting  waves,  the  horizontal  distance  (in  a fetch) 

over  vfiich  the  wind  blows. 

7.  Median  Diameter  - the  size  of  the  sieve  opening  through  whioh  50 % of  a 

sample  by  weight  passes, 

7’.  R - Vertical  rise  of  wave  on  structure. 

8.  Reflected  wave  - the  wave  whioh  is  returned  seaward  when  a wave  impinges 

upon  a very  steep  beach  or  cliff, 

9.  Rip  Rap  - wall  of  stone  thrown  together  irregularly. 

10.  Rubble  - Loose,  angular,  and  water-worn  stones  along  a beach. 

11.  Shallow  water  - water  in  which  the  depth  is  less  than  one-half  the  wave 

length  at  the  particular  time, 

12.  Still  water  level  - the  surface  of  the  water  if  all  wave  action  were  to  cease. 

V) 

13.  Wave  - An  oscillatory  movement  in  the  sea  which  results  in  an  alternate  rise 

and  fall  of  the  surface. 

Hu  Wave  Height  - vertical  distance  between  crest  and  preceding  trough, 

(h) 

15,  Wave  Length  - horizontal  distance  between  successive  wave  crests  measured 

(l)  perpendicular  to  the  crest, 

16,  Wave  period  - the  time,  in  seconds,  for  a wave  crest  to  traverse  a distance 

(I)  equal  to  one  wave  length. 

17,  Wave  steeoness  - the  ratio  of  the  wave’s  height  to  its  length. 

■ ■ mf  — 

18,  Relative  depth  - the  ratio  of  the  depth  to  the  wave  length. 

(d/l) 

19,  Wave  rise  parameter  - the  ratio  of  the  vertical  wave  rise  in  structure  to 

(R/H)  the  wave  height. 
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Table  One 


— 

Run 

Breakwater 

Composition 

Depth 

Wave 

Height 

-H- 

ft. 

Wave 

Period 

-T- 

sec. 

L 

ft. 

d 

L 

H 

I 

Max. 

Run-up 

-li- 

ft. 

R 

W 

No. 

deg. 

slope 

of 

Breakwater 

-d- 

ft. 

1 

90 

smooth 

surface 

0.9P 

0.170 

2.75 

1U.05 

0,066 

0.012 

0.100 

0.591 

2 

75 

n 

0.98 

0.170 

2.75 

11;.  85 

0.066 

0.012 

0.125 

0.735 

3 

6o 

n 

0.98 

0.170 

2.75 

ia.85 

0.066 

0,012 

0.130 

0.765 

k 

U5 

«• 

0.98 

0.170 

2.75 

1U.85 

0.066 

0.012 

0.150 

.0.883 

5 

30  1 

M 

0.98 

0.170 

2.75 

11;.  85 

0.066 

0.012 

0.175 

1.03 

6 

15 

n 

0.98 

0.170 

2.75 

11.85 

0.066 

0.012 

0.250 

i.a? 

7 

15 

smootn 

board 

0.98 

0.25U 

0.66? 

2.26 

o.a3a 

0.112 

0.275 

1.08 

8 

30 

n 

0.98 

0.251; 

0.667 

2,26 

o.a3a 

0,112 

0.375 

i..a8 

9 

U5 

n 

0.98 

0.251; 

0.66? 

2.26 

o.a3a 

0.112 

0,230 

0.905 

10 

6o 

n 

0.98 

0.251; 

0.66? 

2.26 

o.a3a 

0,112 

0.200 

0.788 

11 

90 

n 

0.98 

0.25U 

n.66? 

2.26 

o.a3a 

0.112 

0.165 

0.650 

12 

20 

n 

0.98 

C.25U 

".667 

2.26 

o.a3a 

0,112 

0.300 

1.18 

13 

25 

n 

0.98 

0.251; 

0.66? 

2.26 

o,a3a 

0.112 

0.350 

1.38 

111 

35 

n 

0.98 

0.251; 

0.66? 

2,26 

o.a3a 

0.112 

0.360 

i.a3 

15 

15 

n 

0.98 

0.307 

1.00 

U.30 

0.218 

0.071 

0.350 

1.1a 

16 

20 

n 

0.98 

0.307 

1,00 

a.  30 

0,218 

0.071 

0.550 

1.79 

17 

25 

n 

0.98 

0.307 

1.00 

a.  30 

0.218 

0.071 

o.65o 

2.12 

18 

30 

n 

0.98 

0.30? 

1,00 

a.  30 

0.218 

0.071 

0.790 

2.57 

19 

35 

ft 

0.98 

0.307 

1.00 

a.  30 

0.218 

0.071 

0,600 

1.95 

20 

U5 

n 

0.98 

0.307 

1.00 

a.  30 

,0.218 

0.071 

o.a75 

1.55 

21 

60 

« 

0.98 

0.307 

1,00 

a.  30 

0.218 

0.071 

o.aoo 

1.30 

22 

90 

•t 

0.98 



0.307 

1.00 

. . 

a.  30 

0.218 

0.071 

0.350 



1.1a 

Remarks?  All  runs  are  the  average  values  of  three  trials  or  more 


Table  One 


Breakwater 

Composition 

Depth 

mmm 

of 

-d- 

mm 

Breakwater 

ft. 

.. 

23 

— , 

15  ! 

smooth 

surface 

0.98 

0.233 

21 

20 

n 

0.98 

0.233 

25 

n 

0.98 

0.233 

26 

30 

* 

0.98 

0.233 

27 

35  i 

B 

0.98 

0.233 

28 

U5  i 

n 

0.98 

0.233 

29 

O0  1 

" 

0.98 

0.233 

30 

90 

* 

0.98 

0.233 

31 

15 

smooth 

board 

0.98 

0.075 

32 

15 

it 

0.98 

0.132 

33 

15 

R 

0.98 

0.186 

3k 

15 

R 

0.98 

0.225 

3% 

15 

R 

0.98 

0.2U? 

0.263 

3 6 

15 

R 

0.98 

37 

15 

R 

0.98 

0.285 

38 

15 

R 

0.98 

0.318 

39 

15 

R 

0.98 

0.329 

ko 

30 

" 

0.98 

0.307 

III 

30 

" 

0.98 

0.307 

U2 

30 

R 

0.98 

0.270 

2*3 

30 

" 

0.98 

0,260 

UU 

30 

R 

0.98 

0.210 

U5 

30 

R 

0.98 

0.200 

i|6 

30 

ft 

0.98 

0.180 

2*7 

30 

B 

0.98 

0.110 

1*8 

30 

R 

0.98 

0.080 

Remarks*  All  runs  are  the  average  values 
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(Cont’d, ) 


1 

VTave 

Period 

-T- 

sec. 

d 

l 

T—  ~ ~ 

H 

1 

Max. 

Run-up 

-R- 

ft. 

R 

1.33 

1.33 

1.33 

1.33 

1.33 

1.33 

1.33 
1.33 

6.63 

6.63 

6.63 

6.63 

6.63 

6.63 

6.63 

6.63 

0.1U8 

0.11*8 

0.11*8 

0.1U8 

0.11*8 

0.1U8 

TOT 

0.11*8 

0.035 

0.035 

0.035 

0,035 

0.035 

0.035 

0.035 

0.035 

0.3U0 

0.U00 

0.380 

0.U25 

0.375 

0.350 

0. 300 
0.265 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

lu30 

u.30 

U.30 

U.30 

U.3 0 

U.30 
U.  30 
U.30 
U.30 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.218 

0.017 

0.031 

0.0U3 

0.052 

o.o56 

0.061 

0.066 

0.07U 

0.076 

o.i5o 

0. 200 
0.250 

0.287 

0.337 

0.312 

0.367 

0.387 

0.U25 

1.00 

1.00 

1.00 

1,00 

1.00 

1,00 

1.00 

1,00 

1.00 

U.30 

U.30 

U.30 

U.30 

L30 

U.30 

U.30 

U.30 

U.30 

0.218 

0.218 

0.218 

0.218 

0.218 

0,218 

0.218 

0.218 

0.218 

0.071 

0.071 

0.063 

0.060 

0.0U9 

o.oU7 

0.0U2 

0.026 

0.019 

0.775 

0.675 

0.587 

O.U75 

0.1*12 

0,300 

0.250 

0.150 

0.100 

2.52 

2.20 

2.17 

1.83 

1.96 

i.5o 

1.39 

1.36 

1.25 

three  trials. 


! 

I 


i 


Run 

No. 

Break 

■water 

Composition 

Depth 

Wave 

Wave 

L 

ft. 

d 

L 

H 

L 

Max. 

Run-up 

-R- 

ft, 

R 

ff 

deg. 

slope 

of 

Breakwater 

-d- 

ft. 

Height 

-H- 

ft. 

Period 

-T- 

sec. 

1 49 

45 

1 

smooth 

u.98 

0.342 

1.00 

4.30 

0.218 

0.079 

0.675 

1.97 

50 

45 

« 

0.98 

0.332 

1.00 

4.30 

0.218 

0.077 

0.612 

1.84 

51 

45 

0.98 

0.293 

1.00 

4.30 

0.218 

0.068 

0.550 

1.88 

52 

45 

n 

0.98 

0.26? 

1.00 

4.30 

0.218 

0.062 

0.400 

1.50 

53 

45 

ff 

0.98 

0.245 

1.00 

4.30 

0.218 

0.057 

0.325 

1.33 

54 

45 

n 

0.98 

0.224 

1,00 

4.30 

0.218 

0.052 

0.250 

1.12 

55 

45 

ff 

0.98 

0,184 

1.00 

4.30 

0.218 

0.043 

0.200 

1.09 

$> 6 

45 

» 

0.98 

0.140 

1.00 

4.30 

0.218 

0.033 

0.150 

1.07 

57 

45 

n 

0.98 

0.075 

1.00 

4.30 

0.218 

0.017 

0.075 

1.00 

58 

30 

smooth 

board 

1.23 

0.178 

0.70 

2.5o 

0.492 

0.071 

0.200 

1.12 

59 

30 

R 

0.98 

0.307 

1.00 

4.30 

0.218 

0.071 

0.783 

2,55 

» 
i 

30 

L _ 

n 

1.12 

0.223 

0.800 

3.19 

0.351 

0.071 

0.375 

1.68 

Remarks!  All  runs  are  the  average  values  of  three  trials. 


I 


l2 


Table  Two 


Run 

Breakwater 

No. 

deg. 

slope 

1 

18 

2 

20 

3 

20 

li 

31 

0 

36 

6 

00 

of 

Breakwater 


1*  in. 

max, 

angular 

stone 

» 


Wave 

Wave 

L 

Height 

Period 

ft. 

-H- 

-T- 

ft. 

sec. 

0 1U.9 

0 Hi«9 
5 liu9 
2.70  liu9 
..0  llu9 
0 2,70  1U.9 

0 2.70  Ilu9 

0 2.70  lli.9 


9 21 

10  17 

11  2li 

12  31 

13  37 

lb  02 
10  72 

16  90 


0.307 
0. 307 
0.307 
0.307 
0.307 
0.307 
0.307 
0.307 


ii.30  0,218  0 

h.30  0.218 

ii.30  0.218 
ii.30  0,218 
ii.30  0.218 
ii.30  0.218 
ii.30  0.218 
ii.30  0.218 


17  17 

18  23 

19  29 

20  30 

21  li2 

22  1 i9 

23  72 

2ii  90 
20  32 


O.20ii 

O.20ii 

O.20ii 

O.20U 

O.201i 

O.20ii 

O,201i 

O.20U 

O.20ii 


0.667 

0.667 

0.667 

0.667 

0.667 

0.667 

0,667 

0.667 

0.667 


0.233 

0.233 

0.233 

0.233 

0.233 

0.233 

0.233 

0.233 

0.233 

0.233 

10.233 


0.1ii8  0.030 
O.lliS  0.030 
0.1ii8  0.030 

0.11i8  0.030 

0.1ii8  0.030 

0.1ii8  0.030 
0.1ii8  0.030 

0,lii8  0.030 

0.1ii8  0.030 
O.liiS  0.030 
0.1ii8  0,030 


0.220 


0.200 

0.300 


Remarks j All  runs  are  the  average  values  of  three  trials 


Table  Two 


Run 

No. 

Beoth 

-d- 

ft. 

Wave 

Height 

-H- 

ft. 

deg. 

slope 

i 

l£  In. 

37 

15 

o.98 

0.329 

38 

15 

Angular 

0.98 

0.318 

39 

15 

stone 

0.98 

0.285 

Uo 

15 

" 

0.98 

0.263 

ui 

15 

n 

0.98 

0.2U7 

U2 

15 

R 

0.98 

0.225 

k3 

15 

a 

0.98 

0.186 

kk 

15 

a 

0.98 

0.16I1 

U5 

15 

n 

0.98 

0.132 

k6 

15 

R 

0.98 

0.075 

-.7 

30 

n 

0.98 

0.307 

Uo 

30 

n 

0.98 

0.307 

U9 

30 

a 

0.98 

0.270 

50 

30 

a 

0.98 

0.260 

51 

30 

P? 

0.98 

0.210 

52 

30 

a 

0.98 

0.200 

53 

30 

a 

0.98 

0.180 

5k 

30 

* 

n 

0.98 

0.150 

55 

30 

n 

0.98 

o.uo 

$6 

n 

0.98 

0.080 

57 

kS 

n 

0.98 

0.3U2 

58 

k5  . 

a 

0.98 

0.332 

59 

k$ 

n 

0.98 

0.293 

60 

U5 

n 

0.98 

0.267 

61 

k 5 

n 

0.98 

0.2U5 

62 

i 6 

a 

0,98 

0.22k 

63 

k5 

n 

0.98 

0.18U 

6k 

U5 

n 

0.98 

0.150 

Sm 

k5 

n 

0.98 

0.11*0 

n 

0.98 

0.075 

9 

30 

n 

0.98 

0.307 

68 

30 

w 

1.12 

0.223 

■ 

30 

n 

1.23 

0.178 

Remarkss  All  runs  are  the  average  values  oJ 
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(Cont;d, ) 


! Wave 
! Period 
j -T- 
seo. 

L 

ft. 

d 

T 

H 

l 

Max. 

Run-up 

-R- 

ft. 

R 

: H 

1 

1.00 

U.30 

0.218 

0,076 

0.237 

0,720 

1.00 

U.30 

0.218 

0.07U 

0.225 

0.7081 

1.00 

k.30 

0.218 

0.066 

0.185 

0.6U9 

1.00 

U.30 

0.218 

0.061 

0.167 

0.635 

1.00 

U.30 

0.218 

0.056 

0.151 

0.611 

1.00 

U.30 

0.218 

0.052 

O.IUO 

0.620 

1.00 

U.30 

0.218 

0.0U3 

0.119 

0.6U0 

U.30 

0.218 

0.037 

0.106 

0.6U6 

U.30 

0.031 

0.09U 

0.712 

1,00 

U.30 

0.218 

0.017 

0,073 

0.971 

1.00 

U.30 

0.218 

0.071 

0.292 

0,953 

1.00 

U.30 

0.218 

0.071 

0.258 

0.81*0 

1.00 

U.30 

0.218 

0.063 

0.229 

0.8U9 

1.00 

U.30 

0.218 

0.060 

0.185 

0.712 

1.00 

U.30 

0.218 

o.oU9 

0.172 

0.810 

1.00 

U.30 

0.218 

0.0U7 

0.15U 

0.770 

1.00 

U.30 

0.218 

0.0U2 

0.115 

0.639 

1.00 

U.30 

0.218 

0.035 

0.096 

O.639 

1.00 

U.30 

0.218 

0.026 

0.078 

0.708 

1.00 

4t30 

0,218 

0.019 

0.055 

O.68U 

1.00 

U.30 

0,218 

0.079 

0.336 

0.983 

U.30 

0.218 

0.077 

0.276 

0.832 

U.30 

0.218 

0.068 

0.268 

0.91U 

1.00 

U.30 

0.218 

0,062 

0,258 

0.968 

1.00 

U.  30 

0,218 

0.057 

0.189 

0.772 

U.30 

0.218 

0.052 

0.172 

0,760 

U.30 

0.218 

0.0U3 

0,11*6 

0.793 

En 

U.30 

0,218 

0.035 

0,109 

0.729 

1.00 

U.30 

0.218 

0.033 

0.101 

0, 722 

1.00 

4*2° 

0,218 

0.017 

0,053 

0,880 

00 

U.30 

0,218 

0.071 

0.350 

l.iU 

0.80 

3.19 

0.351 

0.071 

0.150 

0.673 

0.70 

-T7.1  ' I 

2.50 

O.U92 

0.071 

0.100 

0.563 


three  trials. 


f 


Table  : 


Run 

Comoosition 

‘of 

Breakwater 

Depth 

-d- 

ft. 

Wave 

Height 

-H- 

ft. 

No. 

deg. 

slope 

^ in. 

1 

17 

pea  gravel 

u.98 

0.254 

2 

21 

ft 

0.98 

0.254 

3 

2li 

ft 

0.98 

c.254 

4 

27 

rt 

0,98 

0.254 

5 

30 

ft 

0.98 

0,254 

6 

35 

ft 

0,98 

0.254 

/ 

37 

ft 

0,93 

0.254 

8 

42 

ft 

0.98 

0.254 

9 

54 

n 

0.98 

0,254 

10 

90 

ft 

0.98 

o.  254 

It 

0.98 

0.307 

12 

23 

« 

0.98 

0.307 

13 

27 

ft 

0.98 

0.307 

Hi 

29 

fl 

0.98 

0.307 

15 

ft 

0.98 

0,307 

16 

40 

II 

0.98 

0.3  07 

17 

47 

ft 

0.98 

0.307 

18 

72 

n 

0.98 

0.307 

19 

90 

« 

0,98 

0.307 

20 

17 

ft 

0,98 

0.233 

21 

20 

n 

0,98 

0.233 

22 

24 

n 

0.98 

0.233 

23 

28 

N 

0.98 

0,233 

24 

32 

ft 

0,98 

0.233 

29 

ft 

0.98 

0.233 

26 

44 

ft 

0.98 

0.233 

27 

54 

« 

0.98 

0.233 

28 

68 

n 

0.98 

0.233 

29 

90 

n 

0.98 

0.233 

50 

17 

ft 

0.98 

0.170 

31 

23 

fl 

0.98 

0.170 

32 

28 

if 

0.98 

0.170 

33 

32 

n 

0.98 

0.170 

3li 

ft 

0.98 

0,170 

35 

ft 

0.98 

0.170 

3 6 

ft 

0.98 

0.170 

37 

ft 

0.98 

0.17C 

38 

" 

0.98 

0,170 

Remarks?  All  runs  are  the  average  values 
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rnr«* 


Wave 

Period 

1 -T- 
seo. 

L 

ft. 

d 

l 

R 

r 

Max, 

Run-op 

-li- 

ft. 

R 

H 

0.66? 

2.26 

0.434 

0.112 

0.075 

0,296 

0.667 

2,26 

0, 434 

0.112 

0.075 

0.296 

C.66? 

2,26 

0,434 

0.112 

0.113 

0.450 

0.66? 

2,26 

0,434 

0.112 

0.125 

0.493 

0.6 6; 

2,26 

0.434 

0.112 

0,150 

0.591 

0.66? 

2,26 

0.  u34 

0.112 

0,187 

0.737 

0.66? 

2.26 

0.434 

r .112 

0.175 

0,683 

0,66? 

2.26 

0.434 

0.112 

0.137 

0.530 

0.66? 

2.26 

0.434 

0.112 

0.125 

0.492 

0,667 

2,26 

0. 43U 

0,112 

0.200 

0.788 

1.00 

4,50 

0.219 

0.071 

0.275 

0. 835 

1.00 

4.30 

0.  218 

0.071 

0.275 

0.835 

1.00 

4.30 

0.213 

0.071 

0.350 

1.14 

1.00 

4.30 

0,218 

0.071 

0.337 

1.10 

1.00 

4.30 

0,218 

0,071 

0,375 

1.22 

1.00 

4.30 

0. 218 

0.071 

0.33? 

1.10 

1.00 

4.30 

0.216 

0.071 

0,300 

0,973 

1.00 

4.30 

0.218 

0,071 

0.225 

0.734 

1.00 

4.30 

0,218 

0.071 

0.275 

0,835 

1»33 

6.63 

0,148 

0.035 

0,175 

0.751 

1.33 

6.63 

0,148 

0.035 

0,225 

0.965 

1.35 

6.63 

0.148 

0,035 

0.263 

1.13 

1.35 

6.63 

0.148 

0.035 

0.263 

1.23 

1.33 

6,63 

0,148 

0.035 

0.275 

1.18 

1.33 

6.63 

0.148 

0.035 

0,225 

0.965 

1.35 

6.63 

0,148 

0,033 

0. 225 

0.965 

1.33 

6.63 

0. 148 

0.035 

0.175 

0.751 

1.55 

6.63 

0.148 

0,035 

0.225 

0.965 

1.33 

6.63 

0.143 

u,035 

0.200 

0.858 

2,75 

14.9 

O0  j66 

0,012 

0.100 

0.588 

2.75 

14.9 

0,0 60 

0.012 

0,100 

0.588 

2.75 

0,05o 

0.012 

g.164 

0.96? 

2.75 

14.9 

0.0:6 

0.012 

0.173' 

1,03 

2.75 

14.9 

0.0)66 

0.012 

07155 

0,812 

2.75 

14.9 

0.066 

0.012 

0.150 

0. 883 

2.75 

14.9 

0.066 

0.012 

0,150 

0. 883 

2.75 

14,9 

0,066 

0,012 

0.13.8 

0,612 

2.75 

14.9 

0.066 

0.012 

0.175 

1.03 

tta-ea  triads 


Table  Three  (Pont  id.) 


-5 


I 


Breakwater  I Composition  Depth 
of  -d- 

Breakwater  ft. 


Wave  j Wave 
Height  Period 

-H-  -T- 

ft,  | sec. 


0.213 

0.076 

0.216 

0.071* 

0.2 

18 

0.066 

C.2 

18 

0.061 

0,2 

13 

0.056 

0.2 

18 

0.052 

C.2 

18 

0.01*3 

0.2 

18 

0.037 

0.2 

18 

0,031 

C.2 

13 

0.017 

0.218 
0.218 
0.218 
0,218 
0.218 
0.218 
0.218 
0, 218 


0,218 
0,218 
0,218 
0.218 
0. 218 
0,216 
0,218 
0.218 
0.219 
0.218 


0.071 

0,071 

O.063 

O.060 

0.0l*9 

0.0U7 

0.01*2 

0.035 

0.026 

0.019 


0.079 

'0,077 

10,068 

0.062 

.0.057 

0.05? 

0.0)15 

0. 035 

0.033 

0.017 


0.351  0,071 
0.218  0,071 
0.1*32  0.071 


27 

25 

0,225  jo. 790 
0.175  r.665 


0.025  0,33k 


0.300 
0.300 
0.250 
0,200 
0.175 
0.150 
0,125 
0.100 
0.063 
0.0 


SSI 


0.263 

0.250 

0.200 

0.175 

0.160 

0.130 


0.977 

0.977 

0.926 

0.770 

O.83U 

0.750 

O.696 


Remarks?  All  runs  are  the  averages  of  three  trials 


FIGURE  2 - Sample  of  well  rounded  pea  gravel  FIGURE  3 - Assembled  model  with  pea 
used  in  model.  gravel  in  place. 


E 

l FIGURE  4 - Sample  of  angular  stone  used  FIGURE  5 - Assembled  modal  with  angular 


■ in  model.  stone  in  place. 
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FIGURE  8 - Recording  Station 


FIGURE  9 - Determining  angle  of  sloping 
structures 


FIGURE  10  - Smooth  surface  structure  and 
wove  measuring  elements. 


FIGURE  I I - Model  wove  breaking  on 
permeable  structure. 
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WAVE  RUM-UP  ON  SLOPING  STRUCTURES 


0.066  R — vertical  rise  (fr 


HAVE  ROB-Ur  ON  SLOPING  S1RUCTURES 


WA.7B  HD1-UP  OB  SLQP1IG  STHl'C  TUBES 
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